ischemia, edema, and infarction. Concomitant elevations in arterial carbon dioxide tension and compensatory increases in blood pressure may acutely increase cerebral blood flow, but these changes can also contribute to the development of subependymal or intraventricular hemorrhage ( I, 2), particularly upon reoxygenation. Such pathophysiological changes demonstrate that regulation of cerebral perfusion in the newborn is impaired by hypoxia (3). The reasons for this impairment, however, remain unclear.
Segments of rostral choroidal, posterior communicating, basilar, and common carotid arteries were obtained from 3-to 7-day-old lambs and adult sheep and studied using standard in vitro techniques (5, 8) . Each segment was cut to a length of 5 mm , cannulated with mou nting wires, and suspended between a Grass IT.03 force transducer and a post attached to a microm eter used to control resting tension. The segments were equilibrated in a bicarbonate Krebs solution containing (in mM/liter): NaCI 122, NaHC03 25.6, dextrose 5.56, KCl5.17, MgS0 4 2.49, CaCh 1.60, ascorbic acid 0.114, and disodium EDTA 0.027. During equilibration, the vessel segments were stretched to obtain optimal resting tensions of 0.5 to 1.0 g for the cerebral and carotid artery segments. Optimal values of resting tension were determined in preliminary length-tension studies. Unl ess otherwise specified, the vessels were continuously bubbled with 95% Os, 5% CO2 and maintained at normal body temperature.
Each vessel segment was contracted three times in succession by exposure to an isotonic Krebs solution containing 120 mM KCl and 5.2 mM NaC!. Each contraction lasted 24 min , with a 30-min rest period in normal Krebs allowed between consecuti ve
192
ABSTRACf. The present studies were conducted to examine the possibility that the increased vulnerability of the newborn brain to hypoxia may be due to age-related differences in vascular thickness and contractility. Segments of rostral choroidal (RC), posterior communicating (PC), basilar (B), and common carotid (CC) arteries were taken from 3-to 7-day-old lambs (n =11) and adult sheep (n =8) and studied using standard in vitro techniques. In lamb cerebral arteries, maturation was associated with significant increases in vessel thickness and tension generation. Because the increases in tension generation (77, 90, and 135% in PC, B, and RC segments) were proportionately greater than the corresponding increases in thickness (45, 75, and 34% in Pc, B, and RC), force per unit area increased with maturation in the cerebral arteries. In the CC segments, the age-related increases in thickness (117%) were greater than the increases in tension generation (30%), such that average force per unit area was actually greater in the lamb than in the sheep. In response to hypoxia (PO z < 15 torr), all vessels exhibited significant relaxation relative to normoxic controls, although the rates and magnitudes of relaxation varied considerably. In the sheep, the carotid exhibited rapid relaxation of small magnitude (21%), whereas the cerebral arteries relaxed more slowly and more completely (56,52, and 45% in PC, B, and RC). In contrast, the lamb carotid segments relaxed more slowly than the cerebral arteries. Although the average magnitude of relaxation in the lamb carotids (40%) was less than in the lamb cerebral vessels (69, 48, and 79% in PC, B, and RC), it was twice as great as that observed in the sheep carotids (21%). These data indicate that the pattern of response to hypoxia was markedly different in the lamb and sheep and suggest that the carotid artery may playa more important role in the regulation of cerebrovascular resistance in the newborn than in the adult. This may be of clinical importance in the newborn in which variations in cerebral perfusion pressure occur during hypoxia. (Pediatr Res 22: 192-196, 1987) Perinatal hypoxia and asphyxia are frequently associated with myocardial dysfunction, hypotension, and a variety of metabolic changes including acidosis and catecholamine release. In the brain these insults often precipitate the development of cerebral contractions. In normoxia (control) experiments, 95 % O 2 with 5% CO2 was bubbled through the baths during all contractions. In hypoxia experiments, 95% N 2 with 5% CO 2 was bubbled through the baths during contraction 3. As measured with an oxygen electrode, bath oxygen tension dropped to less than 15 torr within 3 min of bubbling with the N r C0 2 mixture. A total of 16 experimental groups was employed: a normoxia (control) group and a hypoxia group for each of the four vessels studied in both the lamb and the sheep . During each experiment, contractile tensions were recorded, digitized, and normalized by online computer (9) .
The magnitude of hypoxic relaxation was calculated for each vessel as the percent difference between initial normoxic tension and the tension remaining after 20 min of hypoxia. The rate of relaxation to hypoxia was calculated by fitting the normalized experimental data to the equation:
where y = the % maximum normalized tension remaining at time t, A = the % maximum normalized tension at time zero (approximately 100%), k = the exponential rate constant of relaxation, and B is the % maximum tension at steady state. A computerized reiterative minimization routine was used to obtain five significant digits each for A, B, and k. The average SEs of fit obtained with this program ranged from 0.08 to 1.33%. Wall thickness was measured in a representative section of each segment selected for contractility studies. Each wall thickness segment was immersed in 2% lidocaine, opened along its longitudinal axis, placed on a microscope slide, and covered with coverglass. Wall thickness was then determined optically by measuring the vertical distance between the slide and the coverglass, as previously described (8) . The thickness recorded for each vessel segment was the mean of 10 measurements. Cross-sectional area was calculated as two times the product of segment thickness and length, and was divided into maximum force to calculate force per unit area (10) . Maximum force was calculated as the product of maximum tension and the acceleration due to gravity. Maximum tension was defined as the peak normoxic tension produced by each vessel during the first exposure to the high potassium Krebs solution.
Group means for each variable were compared using a 2-way analysis of variance with a Duncan's multiple range test (II). A total of five variables was analyzed in this manner, including vessel thickness, maximum tension, force per unit cross-sectional area, magnitude of relaxation, and relaxation rate . Vessel thickness, tension generation, and force per unit crosssectional area in lamb and sheep arteries. Means and SEs are given for vessel thickness, maximum tension, and force per unit area in the upper, middle, and lower panels, respectively. The number of vessels in each group is given in the open rectangles in the lower panel. The probability valuesof significant differences between corresponding lamb and sheep vessels are also indicated (*, p < 0.05, **, p < 0.01).
RESULTS
In lamb cerebral arteries, vessel thicknesses and maximum tensions were significantly less than in corresponding adult vessels ( Fig. I and Table I ). On a percentage basis, the age-related increase in thickness was greatest in the basilar (75%) and least in the rostral choroidal (34%). In contrast, the age-related increase in maximum tension was greatest in the rostral choroidal (135 %) and least in the posterior communicating (77 %). The 
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PEARCE AND ASHWAL combined effects of these differences are reflected in the force/ unit area data which indicate that force generation develops at different rates in different vessels, and that the effects of maturation on force generation were greater for the more peripheral rostral choroidal artery, than for the more central posterior communicating and basilar arteries. In the carotid artery segments, thickness and maximum tension were significantly less in the lamb than in the sheep. Maturation was associated with more than a 2-fold increase in thickness, but only a 30% increase in maximum tension. Thus, maximum force per unit area appears to decrease significantly with age in the common carotid artery.
In response to hypoxia, all vessels exhibited significant relaxation relative to normo xic controls (Figs. 2 and 3) . The rates and magnitudes of these responses, however, varied considerably (Table I and Fig. 4 ). In the cerebral arteries, maturation was associated with decreases in both the rates and magnitudes of response to hypoxia. On a percentage basis, the age-related decreases in rate and magnitude were both greatest in the rostral choroidal artery (60 and 22%, respectively). In the common carotid artery, however, development was associated with more than a 4-fold increase in the rate and a 49% decrease in the magnitude of relaxation. Thus, sensitivity to hypoxia changes dramatically with development, and the extent of these changes vary considerably between intracranial and extracranial arteries.
DISCUSSION
One of the key features of the present data is the marked difference in the effects of development on carotid and cerebral arteries. In the carotid, age-related increases in wall thickness far exceeded the increases in tension-generating capacity, such that force per unit area actually decreased significantly. This pattern suggests that the postnatal hypertrophy of the carotid wall is due more to increases in collagen and elastin than to increases in the content of contractile proteins (4, 12) . In contrast, development of the cerebral arteries was associated with proportionately smaller increases in wall thickness and greater increases in maximum tension than observed in the carotid. Thus, force per unit area either increased or did not change, suggesting that during maturation of cerebral arteries, synthesis of new collagen and elastin is not as important as development of the contractile apparatus. Although the present data do not enable differentiation between the mechanisms mediating this improvement in contractile capacity, other studies suggest that age-related .increases in actomyosin content and calcium-binding capacity may be involved (13, 14) .
Heterogeneity in the effects of development was also evident in the responses of the isolated arteries to hypoxia. With development, both rate and magnitude of relaxation decreased in the cerebral arteries, with the greatest age-related decreases in the rostral choroidal arteries. Maturation of the common carotid was associated with a decrease in magnitude , but also with a marked increase in the rate of response to hypoxia. Thus, the patterns of response to hypoxia were markedly different in the lamb and sheep. In the sheep, the carotid responded quickly but to a small extent suggesting that in the intact animal, the main adjustments to hypoxia may be made more slowly by the cerebral arteries. In the lamb, however, the cerebral vessels relaxed more quickly and completely than the carotid. Figure 2 . In all sheep vessels, the decreases in tension produced by 20 min of hypoxia (P0 2 < 15 torr ) were significant at p < 0.0 I.
The reasons for the observed age-related differences in response to hypoxia remain unclear. Although vessel thickness has been cited as a major determinant of the magnitude of relaxation (15), other factors clearly must be involved because the magnitudes of relaxation decreased in the common carotid , posterior communicating, and rostral choroidal arteries while vessel thicknesses were increasing with age. Because all responses to hypoxia were obtained under condit ions of complet e membrane depolarization , it is doubtful that differences in the effects of hypoxia on membrane hyperpolarization (16, 17) could have contributed to the observed age-related differences in response to hypoxia. Similarly, it is doubtful that hypoxia-induced changes in sodiumcalcium exchange (18) were involved since extracellular sodium concentration during hypoxia was too low to support this mechanism (19) . It remains possible, however, that other factors suggested to playa role in hypoxic relaxation, such as release of a relaxing factor from the vascular endothelium (20) , inhibition ofcalcium uptake (21, 22) , stimulation of calcium extrusion (23, 24) , or changes in anaerobic glycolytic capacity (25, 26) may be involved in the changing sensitivity to hypoxia which occurs with age. Future experiments will be required to determine the relative role of each of these mechanisms .
Although the present data do not distinguish between the factors potentially responsible for the age-related differences in hypoxic sensitivity, the data do point to factors which may have bearing on the increased incidence of intracranial hemorrhage in post asphyxic newborns (1,2). In the adult, force per unit area appears to increase as one moves toward the periphery (basilar < posterior communicating < rostral choroidal) and the magnitude of relaxation is relatively uniform across the cerebral arteries (45 to 56%). In the lamb, however, force per unit area is smallest in the rostral choroidal artery and the magnitude of relaxation appears to increase as one moves toward the periphery (rostral choroidal> posterior communicating> basilar> carotid) . Thus , it appears that relative to the carotid arteries, the peripheral vessels of the cerebral circulation are more poorly developed in the lamb than in the sheep. This suggests that the contribution of the carotid to cerebrovascular resistance, which has been reported to be 30 to 50% of total cerebrovascular resistance in adults (7), may be much greater in the lamb than in the sheep. Such an age-related difference could be critically important during hypoxia, particularly in the event of a precipitous rise in cerebral perfusion pressure. Because the present data suggestthat the carotid dilates more in the lamb than in the sheep during hypoxia, increased cerebral perfusion pressure in the lamb might more easily be communicated to the dilated peripheral vessels and precipitate rupture. Given that the lamb carotid relaxes more slowly to hypoxia than does the sheep carotid , it may also constrict more slowly in response to rises in perfusion pressure during hypoxia, particularl y since the adrenergic innervation of the carotid is less developed in the lamb than in the sheep. Consistent with this idea, other situations associated with rapid rises in arterial pressure are also associated with an increased incidence of intracranial hemorrhage in the newborn (27) .
In conclusion, the present studies indicate that the maturation of cerebral arteries is associated with significant increases in thickness, tension generation, and force per unit area, in addition to decreases in the rate and magnitude of relaxation to hypoxia. Development of the carotid arteries is associated with increases in thickness, tension generation , and rate of response to hypoxia, and with decreases in force per unit area and the magnitude of relaxation to hypoxia. We interpret these age-related changes to indicate that the patterns of response to hypoxia are markedly different in the newborn and adult. In the newborn, the cerebral arteries relax more quickly and completely and thus, the slower reacting carotid appears to play a more important regulatory role than in the adult. These differences, we believe, may contribute to the increased incidence of intracranial hemorrhag e observed in hypoxic infants.
